Abstract In order to establish the nature of the stretch-evoked dynamic properties of vascular smooth muscle in arterioles, we have examined the static and dynamic effects of both arterial pulse pressure and elevated venous pressure on the resistance vessels (arteries and arterioles) in an intestinal mesenteric preparation derived from dogs. The dynamic myogenic response to stretch stimuli was directly related to both the frequency of arterial pulse pressure (1-20 c/min) and the level of venous pressure (0-45 mmHg). Under elevated venous pressure (20 mmHg), the mean arterial flow decreased with an increase in the frequency of arterial pulse pressure. The arteriolar vascular tone (namely, vascular resistance) was seen to be enhanced. We found that elevated venous pressure promotes active constriction (9-53%) of arteriolar smooth muscle (myogenic mechanism). The elevation of venous pressure also caused a rhythmic constriction (vasomotion) in the site of both vein and artery, which was completely abolished by an a-blocker (phentolamine). The results suggest that during venous pressure elevation a very pronounced myogenic constriction in terminal arterioles is caused by either a local neural reflex or a propagated myogenic response in the arteriolar network.
The vascular myogenic response appears to consist of both static and dynamic components. Vascular resistance increases during pulsatile arterial perfusion (dynamic effect) to a greater extent than during non-pulsatile perfusion (static effect) (MELLANDER and ARVIDSSON, 1974; SHEPHERD, 1978) . GRANDE and MELLANDER (1978) have suggested that during changes in perfusion pressure the dynamic component plays an important role in the myogenic control of peripheral circulation.
In addition, myogenic constrictions are modified by neural-and humoraladrenoreceptor stimuli and venous pressure elevation. BURROWS and JOHNSON (1983) and SHEPHERD and RIEDEL (1982) have noted that elevated venous pressure in particular is a more potent stimulus of the static myogenic response. In some tissues, venous pressure elevation may activate a local neural reflex by venous distension (HENRIKSEN et al., 1983; ABILDGOAAD et al., 1985) . The level of venous pressure is thought to contribute greatly to the transmission of spontaneous vasomotion in terminal arterioles (BAEZ et al., 1974 ) and a local venivasomotor reflex. Further studies of the myogenic response as modified by venous pressure elevation are required to investigate a more operative mechanism involved in local flow control (BORGSTROM et al., 1984; JOHNSON, 1986) . The purpose of the present study was to examine the static and dynamic effects of arterial pressure and to evaluate the static effect of venous pressure elevation on the myogenic mechanism in flow autoregulation.
MATERIALS AND METHODS
Surgery and perfusion circuit. Experiments were performed on 35 mongrel dogs (15.0 + 3.4 kg) of both sexes anesthetized with pentobarbital sodium (25 mg/kg i.v.). After the trachea had been intubated for positive pressure ventilation, a midline laparotomy was performed. Heparin (4 mg/kg i.v.) was injected before cannulation of the arterial and venous perfusion circuits. A segment of the jejunum was exteriorized, and an intestinal segment (41.0 + 9.2 g wt.) was isolated from other portions of the body and cannulated (16-20 G), leaving one mesenteric artery and one vein to preserve the segmental blood flow. The segment was placed in a water bath filled with saline which was adjusted to pH 7.4 at 37°C and covered with a plastic polyethylene sheet (Saran Wrap) to prevent drying. Figure 1 shows the apparatus which was used to perfuse the isolated intestinal segment. Blood (400 ml) was rapidly withdrawn into the arterial reservoir from the donor dog. The inflow circuit to the arterial reservoir was then shunted through a three-way valve. The mean segmental arterial pressure was changed stepwise (elevation and reduction) manually within a range of 25-200 mmHg by pressurizing the arterial reservoir from a manometer. The arterial inflow and the venous outflow were measured with an electromagnetic flowmeter probe (2 mm i.d.: Nihon Kohden) in the inflow circuit just distal to the arterial reservoir and in the outflow circuit from the mesenteric vein, respectively. The data for blood flow and pressure were recorded on a pen recorder. Pressure transducers were placed at the same level as the intestinal preparation. To keep the donor dog's arterial pressure at a normal level (80-120 mmHg) during experiments, a Barnes lactated Ringer solution (Hartmann solution (pH: 8): 103 mM NaCI, 4.0 mM KC1,1.8 mM CaC12, dosage, 200-300 ml/h; osmolality equal to a 0.9% NaCI solution) was dripped into the intact femoral vein of the donor dog while arterial pressure was continuously monitored in the femoral artery.
Experimental protocol. Venous pressure of the intestinal segment was first maintained at a constant level (0-5 mmHg) in the first series of experiments (n =15) by collecting the segmental venous outflow blood in an open reservoir (measuring cylinder). The withdrawn blood in the open reservoir was then pumped back into the donor dog via the femoral venous cannula. In the second series of experiments (n =13), the effects of elevated segmental venous pressure on myogenic responses were examined under static and pulsatile changes of arterial pressure. The segmental venous outflow blood was directly returned into the femoral vein of the donor dog via Silastic tubing. The level of segmental venous pressure was controlled by the elevation of surgical table. The segmental arterial pressure was manually changed by pressing periodically the air layer of the arterial reservoir and the results were monitored by a manometer connected to the arterial reservoir. The arterial perfusion pulse varied over a frequency range of 1-20 c/min where the vascular smooth muscle could be expected to respond actively and effectively to stretch stimuli (GRANDE and MELLANDER, 1978) . In some experiments (n = 7), an a-blocker (phentolamine: 6.6 x 10 -5M) and a fl-blocker (propranolol: 1.7 x 10 -5M) were also used to examine the effects of adrenergic receptors on the myogenic constrictive response. These drugs were directly infused into a pressure reservoir with a syringe. In this study, specific changes in the metabolic rate of the vascular beds were not examined. However, when the flow rate was kept low (0-25 mmHg arterial pressure) for several minutes, the vascular resistance decreased remarkably; this suggests that basal Vol. 39, No. 6, 1989 Fig. 1. Schematic diagram of the main experimental system. vascular tone had been suppressed by metabolites accumulated in the blood. Data treatment. This was accomplished by taking measurements of arterial inflow, venous outflow, arterial pressure, and venous pressure. The segmental vascular resistance was calculated by dividing perfusion pressure (P') (= arterial pressure Pa -venous pressure Pv) by arterial flow. As an index of the myogenic response in normal vascular beds, we used the relative vascular resistance (R/Ro) which is given by the ratio of segmental vascular resistance in the vascular bed before and after papaverine infusion (100 mg/kg tissue) as follows: R(P')/R0(P') = {P'/Q(P')}/{P'/Q0(P')}.
(1)
Here, R(P') and R0(P') are the segmental steady-state vascular resistances (PRU: mmHg • min • m1-1.100 g-1) in the normal vascular bed and in the papaverinedilated vascular bed, respectively. The value of R0(P') was determined by infusing papaverine after the myogenic responses in each vascular bed had been examined. Q(P') and Q0(P') are the segmental steady-state arterial flows (ml • min -1.100 g -1) in the normal and papaverine-dilated vascular beds, respectively, at perfusion pressure P' (mmHg).
RESULTS

Effects of static and pulsatile arterial pressure changes on vascular rsistance
Venous pressure Pv (mmHg) was maintained at a constant level (0-5 mmHg) during the experiments. The stepwise elevation and reduction of arterial pressure caused myogenic active changes in the arterial flow Qa (ml • mm 100 g-1) to. These changes were abolished by neither an a-nor a /3-adrenergic blockade (as shown in Fig. 7 ), but were abolished completely by papaverine infusion. In the analysis of pressure-flow experimental data in normal vascular beds, a maximal myogenic constrictive response occurred in the arterial pressure range from 80 to 180 mmHg for stepwise elevation and reduction. The typical hysteresis curve (shown in Fig.  2 ) in all the intestinal vascular beds was obtained by repeating the stepwise elevation and reduction of arterial pressure. The hysteresis loops (pressure-flow and pressure-resistance relationships) expanded more remarkably in the vascular beds with high vascular resistance.
To evaluate the static and dynamic responses of vascular smooth muscle to the pressure-dependent stretch stimuli, we examined the net amount of the pressure-induced myogenic reaction directly from the magnitude of relative vascular resistance R/Ro. Figure 3 shows the relative vascular resistance in a normal vascular bed; this was derived from the experimental data of Fig. 2 . The maximal myogenic responses were elicited in significantly different perfusion pressure ranges for stepwise elevation and reduction of arterial pressure. The most potent arterial pressure ranges for myogenic responses were detected in a low range of 55-140 mmHg for stepwise reduction and in a high range of 80-185 mmHg for stepwise elevation. The vascular smooth muscle in normal vascular beds exhibited bidirectional responses to stretch MYOGENIC   RESPONSES  TO ARTERIAL  AND  VENOUS  PRESSURE  ELEVATION  815 stimuli.
The rate-effects of arterial pressure on the dynamic properties of vascular smooth muscle were examined by changing the frequency of the arterial pulse pressure. During the experiments, the arterial flow had a tendency to decrease acceleratingly with a decrease of the frequency of arterial pulse pressure, as shown in Fig. 4 . The arterial myogenic constriction was apparently observed to be enhanced with a decrease in frequency (1-20 c/min) of arterial pulse perfusion. Vol. 39, No. b, 1989 2. The effects of elevated venous pressure on the myogenic mechanism In the second series of experiments, the segmental venous outflow was returned directly into the femoral vein of the donor dog via Silastic tubing. The increments of relative vascular resistance were amplified (40%) by venous pressure elevation (Fig. 5) . The elevation of venous pressure also caused a rhythmic constriction (vasomotion) in both small veins and small arteries. The frequency of rhythmic constriction was mainly in the range of 7-15 c/min. Figure 6A shows a recording of a rhythmic wave (venomotion) that appeared in the venous pressure and outflow with stepwise elevation and reduction of arterial pressure. The changes in venous pressure were reflected secondary to changes in arterial inflow pressure. The venous venomotion was synchronized with a fine rhythmic wave which appeared in the arterial flow. The recordings of the fine rhythmic wave in the arterial flow are shown in Fig. 6B . These rhythmic waves were abolished in both the vein and artery by Japanese Journal of Physiology a-blockade (phentolamine infusion) (Fig. 6C) ; but these waves were not affected by f3-adrenergic blockade (propranolol infusion) (Fig. 7B) . The dynamic effects of arterial pulse pressure on the myogenic mechanism were further enhanced by the elevation of venous pressure. Figure 8 shows that the arterial flow Qa decreased consistently during arterial pulse perfusion under venous pressure elevation (Pv =20 mmHg). The myogenic constriction was enhanced with an increase in the frequency of arterial pulse pressure (1-8 c/min, that is, 0.42-3.33 mmHg/s). Figure 9 summarizes the effects of arterial pulse pressure on relative vascular resistance under elevated venous pressure. At 5 mmHg venous pressure, the dynamic effect of arterial pulse pressure (mean frequency, 5.1 c/min (2.13 mmHg/s); arterial pressure, 80-85 mmHg) on relative vascular resistance was small ( Fig. 9(A) : 9% (-5 to 24%)). It was almost impossible to identify an active myogenic response (Fig. 9(B) : 2%) in "passive" vascular beds in which the myogenic mechanism was weak in origin. However, at 20 mmHg venous pressure the propagation of arterial pulse pressure (mean 80-85 mmHg) caused a significant enhancement (Fig. 9(C) : 21% (0-49%)) in the relative vascular resistance. In the vascular beds (n = 6), in which a rhythmic constriction was detected following the elevation of venous pressure, a marked increase (Fig. 9(D) : 37% (27-46%)) in relative vascular resistance was observed during venous pressure elevation. The Vol. 39, No. 6, 1989 total value of enhancement was 29% (9-53%; n =12, Fig. 9 (C) +(D)).
DISCUSSION
As a means of assessing the possible contribution of static and dynamic components to the vascular myogenic response, we examined the stretch-evoked dynamic effect of arterial pressure changes on resistance vessel walls.
In the low perfusion pressure range (less than 80 mmHg), the arterial flow increased passively (elastic and rheological effects) while vascular resistance decreased with the stepwise elevation of the perfusion pressure (Fig. 2) . The myogenic constrictive response was observed to be suppressed by accumulated metabolites (low 02, high K+, P043, and hyperosmolarity, etc.) in the blood. On the other hand, in the perfusion pressure range above 180 mmHg, the arterial flow also increased and the vascular resistance decreased in a way that suggests a direct and "passive" dependence of vascular elasticity on the collagen component of the vascular wall (IIDA and MITAMURA, 1989) . The relative vascular resistance (Fig. 3) exhibited hysteresis curves for stepwise elevation and reduction of arterial pressure.
Japanese Journal of Physiology The flow autoregulation was more stable during the reduction than the elevation of arterial pressure. The arterial pressure range of the maximal myogenic response significantly shifted upwards (80-185 mmHg) and downwards (55-140 mmHg), respectively, for stepwise elevation and reduction of arterial pressure. Such upward or downward shift in the pressure range of autoregulation suggests the possibility of bidirectional responses in the myogenic mechanism. It is probably caused by the residual vascular tone with positive and negative stretch stimuli (SMIEsKO, 1971; GRANDE and MELLANDER, 1978) and may originate from a membrane event (Ca2 +-influx and -efflux) in smooth muscle cells. The myogenic response was also mild in dog intestine-mesenteric vascular beds. The myogenic reactivity appeared to be reduced by surgical denervation of the feeding artery (CANNON et al., 1983; IRIUCHIJIMA and SAKATA, 1985) . Vol. 39, No. 6, 1989 Fig. 6. Recordings of venous outflow and pressure exhibiting the appearance of rhythmic constriction elicited by elevating venous pressure (A). The similar rhythmic wave can also be detected in the arterial flow (B). These rhythmic constrictions were abolished by the infusion of an a-blocker (phentolamine) (C).
The propagation of arterial pulse pressure caused a rate-sensitive myogenic constriction in the vascular beds (JOHANSSON and BOHR, 1966; HARDER, 1984) . Pulsatile pressure caused 9 and 29% increases in resistance at 5 mmHg venous pressure and 20 mmHg venous pressure, respectively (Fig. 9) . Under 5 mmHg venous pressure, the myogenic active constriction was masked by the hydrodynamic effect of arterial pulse pressure (IIDA and MURATA, 1980) and the arterial flow decreased slowly with an decrease in the frequency of pulse pressure oscillation. We detected apparent maximal myogenic constriction in a low frequency range around 0.5-1.0 cf min (Fig. 4) . However, the rate-dependent myogenic constriction was significantly enhanced by elevating the venous pressure. The arterial flow had a tendency to reduce with an increase in the frequency of arterial pulse pressure under Japanese Journal of Physiology 20 mmHg venous pressure (Fig. 8) . A rate-sensitive mechanism was noted to show unidirectionality for stretch stimuli (SMIEsK0, 1971 ). This observation is consistent with the hypothesis proposed by GRANDE and MELLANDER (1978) , that the rate-dependent microvascular constrictive response is greater at the high (3.75 mmHg/s) rate than the low (0.63 mmHg/s) rate of the transmural pressure increase. We concluded in the present studies that (1) arterial pulsatile pressure and venous pressure elevation enhance the increment and magnitude of myogenic responses and (2) the rate-dependent active constriction increases with an increase in frequency during the elevation of venous pressure. We have considered two explanations for the enhancement of the myogenic response by venous pressure elevation. One is a propagated myogenic response in the arteriolar network and the other is a venivasomotor reflex. The possible explanation for a more potent effect of venous pressure elevation is a local neural reflex, activated by venous distension. HENRIKSEN et al. (1983) have argued strongly that a local sympathetic veno-arteriolar "reflex" is present in the muscle and subcutaneous tissue of a dog's hindleg. THOMPSON et al. (1980) have reported low threshold venous afferent fibers in the femoral veins of cats. We observed that the elevation of venous pressure caused a rhythmic constriction in both small veins and arteries and that increased vascular resistance (Fig. 6A, B) . Since the rhythmic waves were suppressed by an a-adrenoreceptor blockade (Figs. 6C and 7C ), we believe that the appearance of rhythmic constriction originates in a stretch-evoked local veno-arteriolar reflex mechanism. BULOW et al. (1984) , however, have reported that the reflex response is abolished by increasing the level of sodium pentobarbital anesthesia. Nor can the following possibility be excluded from these experimental results; that is, the a-adrenoreceptor-mediated venous constriction elicits a proportionately greater pressure rise in terminal arterioles and causes a very pronounced myogenic constriction in these vessels. BURROWS and JOHNSON (1983) have reported that a propagated myogenic response is more dependent on average changes in the arteriolar network than on local changes in the arteriole.
In conclusion, venous pressure elevation is a more potent stimulus to the rate-sensitive myogenic mechanism. Such a stimulus may promote not only a local veno-arteriolar reflex mechanism but also a propagated myogenic response in the arteriolar network. Further experimental studies of the rate-dependent myogenic mechanism with venous pressure elevation therefore need to examine its relation to the local neural mechanism.
